Higher-order structures of the microtubule (MT) cytoskeleton are comprised of two 17 architectures: bundles and asters. Although both architectures are critical for cellular function, 18 the molecular pathways that drive aster formation are poorly understood. Here, we study aster 19 formation by human minus-end directed kinesin-14 (HSET/KIFC1). We show that HSET is 20 incapable of forming asters from pre-formed, non-growing MTs, but rapidly forms MT asters in 21 the presence of soluble tubulin. HSET binds soluble (non-polymer) tubulin via its N-terminal tail 22 domain to form heterogeneous HSET-tubulin "clusters" containing multiple motors. Cluster 23 formation induces motor processivity and rescues the formation of asters from non-growing 24
Introduction 29
An organized microtubule (MT) cytoskeleton is essential for a broad spectrum of 30 biological processes, ranging from cell polarization to division. A striking example is the mitotic 31 spindle, which drives chromosome segregation 1, 2, 3 . MT organization depends on both the 32 intrinsic dynamics of MTs and on cellular factors that govern MT positioning and assembly. 33
MTs are polymers of α β -tubulin that grow and shrink with a fast-growing (plus) and slow-34 growing (minus) end 4 . In the absence of MT-associated proteins (MAPs), MTs are unable to 35 organize into higher-order structures. Collectively, the molecular properties of MAPs on a 36 ~nanometer scale determine the architecture of MT arrays on a ~micron scale through diverse 37 mechanisms including MT crosslinking, translocation, and regulation of MT dynamics. 38 With the exception of templated structures (e.g., the axoneme), MT structures are built 39 from two basic architectures 5 : (i) MT bundles, which can exist in either anti-parallel or parallel 40 configurations, and (ii) MT asters, which are radial arrays of MTs focused at a pole. Both 41
architectures are represented in the mitotic spindle. Interpolar MT bundles facilitate sliding that 42 separates two spindle poles, which are defined by two MT asters. Although bundles minimally 43 require MAP-induced crosslinking for their formation, aster formation requires MT end focusing 44 or a specialized structure to impart radial symmetry 6, 7 . In cells, aster formation is driven 45 predominantly by centrosomes 8 . When centrosomes are either present in excess 9 or absent 10, 11 , 46 cells use other factors to organize MT minus ends within the spindle to ensure its bipolar 47 geometry. 48
Our knowledge of aster formation mechanisms derives primarily from in vitro work. In 49 mitotic cell extracts, the formation of MT asters requires cytoplasmic dynein, along with its 50
cofactor NuMA 12, 13, 14, 15 . Aster formation depends on the ability of dynein to crosslink two 51
MTs 16 and move processively toward MT minus ends, leading to a model where cargo MTs are 52 transported along track filaments 12 . The minus end-directed kinesin-14 XCTK2 is also capable 53 of driving aster formation from growing MTs, but unlike dynein, XCTK2 requires no additional 54 cofactors 17 . On a molecular level, the mechanisms underlying aster formation by both dynein and 55 kinesin-14 are unclear. This is especially true for kinesin-14s, as they are non-processive motors, 56
i.e., they do not move unidirectionally as single motors on a MT track 18, 19, 20, 21, 22, 23, 24, 25 . 57 Furthermore, in studies using non-growing MTs, kinesin-14s form, slide, and sort MT bundles, 58 rather than asters 22, 26, 27 . It thus remains to be seen how kinesin-14s can simultaneously act as 59 promoters of both bundles and asters, and whether this behavior depends on the state of MTs 60 (i.e., growing versus non-growing). 61
Here, we establish the mechanism of aster formation by HSET/KIFC1 (human kinesin-62 14) . We determine that, consistent with previous studies, HSET is a non-processive motor on the 63 single-molecule level that forms robust MT bundles. We show that HSET processivity is caused 64 by the formation of multi-motor clusters upon binding to soluble tubulin, and that this µ M polymeric tubulin), we observed no aster formation or pole focusing. 89 Rather, consistent with the established role of kinesin-14 as a MT bundling factor 22, 26, 27, 31 , we 90 observed MT bundling and sliding which reached a steady state within ~20 minutes ( Fig. 1c,  91 Supplementary Fig. S1e, and Supplementary Movie 2) . As expected, deletion of either the tail 92 or motor domain prevented any MT crosslinking (Fig. 1c, middle) , while EGFP- DoubleTail produced long MT bundles (Fig. 1c, bottom) . HSET is thus unable to form asters 94 from preformed MTs in the absence of soluble tubulin. 95 96
Soluble tubulin induces HSET motor processivity 97
To test whether HSET is processive on a single-molecule level, we visualized HSET 98 constructs associating with stabilized MT tracks using single-molecule total internal reflection 99 fluorescence (TIRF) microscopy ( Fig. 2a) . In order to (i) account for the possibility that low 100 ionic strength could weakly activate motor processivity 24 and (ii) increase the short association 101 times of EGFP-HSETΔMotor to an observable level, we performed these experiments in low salt 102 (P12) buffer (see Materials and Methods) . Consistent with previous studies on Ncd 22 and a 103 recent study on HSET 27 , single molecules of EGFP-HSET and EGFP-HSETΔMotor showed 104 diffusive behavior, whereas deletion of the tail domain (EGFP-HSETΔTail) led to transient, 105
static interactions with the MT ( Fig. 2b and Supplementary Movie 3) . Mean squared 106 displacement (MSD) analysis confirmed bidirectional diffusion, with EGFP-HSETΔMotor 107 diffusing more rapidly than EGFP-HSET ( Fig. 2c) . We concluded that individual HSET dimers 108 diffuse on the MT surface, the tail domain is critical for rapid diffusion, and that tail deletion is 109 insufficient to form a constitutively active motor. The latter observation suggests that HSET 110 activity is unlikely to be dictated by an autoinhibition mechanism, where the tail domain would 111
interfere with motor activity to prevent futile ATP hydrolysis 32 . 112
We considered the possibility that HSET's inability to form MT asters from preformed 113
MTs depends on the presence of soluble tubulin. To investigate the effect of tubulin on the 114 motor, we examined EGFP-HSET's motility on stabilized MTs in the presence of 2 µ M tubulin 115 ( Fig. 2d) . At low (1 nM) HSET concentrations, tubulin addition had little effect 116
( Supplementary Fig. S2a ). However, with increasing HSET concentrations (10 and 20 nM), the 117 addition of tubulin increased the frequency of processive events ( Fig. 2e and Supplementary  118 Movie 4). Our quantification of processive events with 20 nM EGFP-HSET is likely an 119
underestimate because it was difficult to resolve individual events at this high frequency 120
( Supplementary Fig. S2b ). 121
In order to visualize individual motility events in these conditions of high motor 122
concentration, we performed a "spike-in" TIRF experiment where 5% of HSET particles 123 contained the N-terminal EGFP tag at a total HSET concentration of 10 nM (Supplementary 124 Fig. S2c ). Mean squared displacement (MSD) analysis confirmed that HSET molecules shifted 125 from the characteristic diffusive behavior to processive, unidirectional motion upon the addition 126 of 2 µ M tubulin ( Supplementary Fig. S2d) . These results suggest that HSET is capable of two 127 configurations: one where it is non-processive on the MT lattice, and another where it is in an 128 active, processive state, and that the addition of tubulin promotes this second state. 129
130

HSET transports soluble tubulin to microtubule minus ends 131
To investigate the fate of tubulin, we mixed 10 nM Cy5-tubulin with 10 nM unlabeled 132
HSET and visualized the Cy5 channel using TIRF (Supplementary Fig. S2e ). Under these 133 conditions, we observed Cy5-tubulin to move processively with a velocity of 8.9 ± 0.2 µ m/min 134 (mean ± 95% CI, n = 362) and run length of 4.2 ±0.6 µ m (mean ± 95% CI, n = 150) ( Fig. 2f) .
135
These processive particles dwelled at MT minus-ends with a mean dwell time of 25 ± 8 s (mean 136 ± 95% CI, n = 50) ( Supplementary Fig. S2f ). This is consistent with the published velocities 137 and run lengths of teams of Ncd motors tethered by a double-stranded DNA scaffold 25 , but this 138 movement is far more processive than individual Ncd motors 24, 25 . Near-simultaneous imaging of 139 1 nM EGFP-HSET and 100 nM Cy5-Tubulin by two-color TIRF showed that EGFP-HSET 140 moved unidirectionally only when colocalized with Cy5-tubulin ( Fig. 2g and Supplementary  141 Movie 5). Conversely, we never observed Cy5-tubulin transport by 142 suggesting that the tail domain of HSET plays a critical role in tubulin transport 143 ( Supplementary Fig. S3a ). 144
To test whether the tail domain directly interacts with soluble tubulin, we performed a co-145 immunoprecipitation of purified tubulin and HSET truncations via the common EGFP tag ( Fig.  146  3a) . We detected higher than background levels of tubulin in reactions containing EGFP-HSET, 147 EGFP-HSETΔMotor, and EGFP-HSET-DoubleTail, whereas minimal tubulin was detected for 148 EGFP-HSETΔTail or when no HSET was present. These results demonstrate that soluble tubulin 149 binds the HSET tail domain directly. 150 151
Tubulin-HSET clusters are highly processive 152
Processive movement of kinesin-14 motors was previously reported for multimers of Ncd 153 motors 24, 25 ; we thus wondered if the processive tubulin-HSET particles contain multiple HSET 154 motors. We used a fluorescence intensity-based approach to quantify the number of motors in a 155 moving particle (Fig. 3b) . Moving EGFP-HSET particles were noticeably brighter (~3-4x on 156 average) than single EGFP-HSET particles adhered to a glass cover surface, and these moving 157 particles appeared as diffraction-limited spots under our imaging conditions (Fig. S3b) . The 158 fluorescence intensities of moving EGFP-HSET particles displayed a broad distribution, which 159 was similar whether tubulin was present at a stoichiometric excess of 20,000:1 (Fig. 3b , top) or 160
200:1 (Fig. 3b, bottom) . These bright, moving particles are unlikely to be aggregates of EGFP-161
HSET because: (i) EGFP-HSET particles with intensity > 80,000 a.u. were absent from 162 thousands of counted particles for EGFP-HSET alone, and (ii) EGFP-HSET photobleaching 163 events containing >2 steps were very infrequent (n = 7/206 particles, see Supplementary Fig.  164 S1c). 165
We used an analogous approach to assess the number of transported tubulin molecules 166 ( Fig. 3c) . Similarly to EGFP-HSET, the first frame of moving Cy5-tubulin particles displayed 167 significantly (11.8-fold) brighter intensity on average than single Cy5-tubulin molecules alone. 168
These bright particles were absent from thousands of counted individual Cy5-tubulin molecules, 169
were similarly diffraction-limited ( Supplementary Fig. S3c ), and their fluorescence intensity 170 distribution did not depend on guanine nucleotide state of tubulin ( Fig. 3d ). To ensure that 171
aggregates of tubulin were absent from our preparation, we performed analytical 172 ultracentrifugation (AUC) on our purified tubulin ( Supplementary Fig. S3d ). We did not 173 observe any significant population with a higher sedimentation coefficient than our dimer 174 fraction, and thus concluded that our tubulin was free of aggregates. 175
Collectively, these data show that HSET-tubulin clusters are heterogeneous, containing 176 multiple motors and multiple tubulin molecules. To further investigate the nature of HSET-177 tubulin complexes, we mixed 5 µ M tubulin with 200 nM EGFP-HSET and subjected this 178 mixture to AUC (Supplementary Fig. S3e ). Importantly, we did not observe a significant 179 sedimentation signal beyond the prominent dimer peak in these experiments, suggesting that the 180 population of HSET-tubulin clusters in solution is relatively small. Alternatively, the absence of 181 resolvable high-molecular weight peaks could be a result of the heterogeneous composition of 182
HSET-tubulin clusters. Regardless, this small population of clusters appears to be enriched on 183
MTs, as observed in our TIRF experiments. 184
185
HSET-tubulin clusters drive self-organization of MT asters 186
Because soluble tubulin promotes HSET processivity by inducing cluster formation, we 187 tested whether soluble tubulin could promote the ability of HSET to drive aster formation using 188 preformed MTs. Upon the addition of 20 µ M tubulin to preformed microtubules and HSET, we 189 observed rapid formation of radially symmetric asters (~8 min) (Fig. 4a, and asters ( Fig. 4a, middle) . 193
To investigate the potential role of MT polymerization in aster formation, we performed 194 our self-organization experiments under conditions incompatible with MT assembly. 195 Specifically, we: (i) introduced saturating (100 µ M) levels of colchicine, a tubulin-sequestering 196 drug that prevents polymerization, (ii) replaced 1.5 mM GTP with 1.5 mM GDP, a guanine 197 nucleotide that is incompatible with polymerization, and (iii) omitted taxol, a field-standard 198 component for self-organization buffer 17 . Here, we again observed rapid formation (~5 min) of 199
MT asters in the presence of 20 µ M tubulin ( Fig. 4b, Supplementary Fig. S4b ). We obtained 200 similar results with saturating (33 µ M) amounts of nocodazole, an alternative tubulin-201 sequestering drug (Supplementary Fig. S4c) . These results show that MT polymerization is not 202 required for MT aster formation by HSET. 203
204
HSET clustering, rather than tubulin, drives aster assembly 205
We next wanted to determine if multi-motor clusters of HSET could lead to aster 206 formation of preformed MTs in the absence of soluble tubulin. To construct HSET clusters 207 without tubulin-induced activation, we incubated our 6xHis-tagged EGFP-HSET or EGFP-208
HSETΔTail with streptavidin-Quantum Dots (QDots, ~25 nm diameter) at a 3:1 ratio in the 209 presence of biotin-anti-His antibody ( Fig. 5a) . After using fluorescence intensity analysis to 210 confirm that ~2-3 motors were present on QDots (2.3 for EGFP-HSET and 3.4 for EGFP-211
HSETΔTail, on average) ( Supplementary Fig. S5a ), we investigated their motility by TIRF 212 ( Fig. 5a and Supplementary Movie 7) . As expected, both EGFP-HSET-QDots and EGFP-213
HSETΔTail-QDots moved processively, with run lengths of 3.7 ± 0.6 µ m and 4.0 ± 0.6 µ m 214 respectively ( Fig. 5b-c) . Both constructs were capable of dwelling at minus-ends of MTs before 215 unbinding. Notably, however, EGFP-HSET-QDots displayed a ~5-fold enhanced end dwelling 216 capacity over the EGFP-HSETΔTail-Qdots (37 ± 16 s vs. 7 ± 2 s) ( Fig. 5d) . 217
When we introduced EGFP-HSET-QDots to preformed MTs, asters formed over ~20 min 218 (Fig. 5e, top and Supplementary Movie 8). We directly observed transport of MTs (or MT 219 bundles) along other MTs by EGFP-HSET-QDots during the process of aster formation ( Fig. 5f ). 220
Interestingly, EGFP-HSETΔTail-QDots were unable to form asters (Fig. 5e, bottom) . Because 221 the tail domain was required for robust end-dwelling to MTs (Fig. 5d) , this is consistent with a 222 model in which motors must remain end-localized in order to organize MT asters 7 . Alternatively, 223
HSET's tail may be required to bind polymer MTs as a cargo during translocation to minus-ends 224 (see Discussion). Regardless, we conclude that cluster formation of EGFP-HSET, whether by 225 addition of tubulin or binding to QDots, leads to aster formation from preformed MTs. 226 227
Soluble tubulin promotes aster formation by HSET in cells 228
Based on our in vitro findings, we hypothesized that the activity of HSET could be 229 modulated by the concentration of soluble tubulin in cells. We investigated this hypothesis by 230 changing the relative concentrations of both HSET and soluble tubulin during mitosis. To 231 increase HSET protein levels, we used recombination-mediated cassette exchange 33 to generate a 232 HeLa cell line that inducibly overexpresses EGFP-HSET. By immunoblotting, we observed that 233 EGFP-HSET reached a maximum expression level of ~4-fold overexpression relative to 234 endogenous HSET after three days' treatment with doxycycline (compare to ~2.7-fold 235 overexpression at one day) ( Fig. 6a) . Consistent with previous overexpression studies 31 , EGFP-236
HSET localized uniformly to spindle MTs and caused a slightly elongated and tapered spindle 237 morphology after overexpression ( Fig. 6b) . 238
To increase soluble tubulin concentrations, we used non-saturating amounts (500 nM) of 239 nocodazole to partially depolymerize MTs. We treated cells either containing endogenous ( Fig.  240 6c, top) or 4-fold overexpressed (Fig. 6c, bottom ) levels of HSET with nocodazole (500 nM) for 241 15 or 30 min, then fixed and stained these cells for tubulin and centrin, a marker of centrosomes. 242
In the HSET-overexpressing cells, we observed the formation of distinct MT asters which were 243 positive for both tubulin and HSET at both 15 and 30 min timepoints ( Fig. 6c, Supplementary  244  Fig. S6b-c) . Over 60% of EGFP-HSET expressing cells contained at least 1 acentrosomal aster 245 after nocodazole treatment as assessed by centrin immunostaining (Fig. 6c, right) . This aster 246 formation after nocodazole treatment was specifically enhanced by EGFP-HSET overexpression, 247 as acentrosomal asters were only observed in <10% of control cells treated with vehicle ( Fig.  248  6d) . The observation that nocodazole promotes a basal level of aster formation is consistent with 249 published results 34 , as endogenous aster-promoting factors are present in these cells. Finally, we 250 used a live-imaging approach to observe EGFP-HSET during aster formation over time. 251
Following the addition of nocodazole to cells overexpressing EGFP-HSET, we observed a 252 conversion of bipolar spindles to multiple individual asters over 15-30 minutes ( Fig. 6e,  253 Supplementary Movie 9). These experiments show that aster formation in mitotic cells can be 254 modulated by the simultaneous increase of both HSET and soluble tubulin levels. 255 256
Discussion 257
In this study, we have shown that single HSET motors are minimally processive on MTs, 258 consistent with previous reports on the fly kinesin- 14 Ncd 18, 19, 20, 21, 22, 23, 24, 25 . This result is 259 consistent with a recently published study where HSET was shown to diffuse bidirectionally on 260 single MTs 27 . In spite of these unremarkable single-molecule properties, we have shown that 261 kinesin-14s can assemble and remodel the two basic MT architectures employed in higher-order 262 organization: bundles and asters. Our data suggest that aster formation occurs in the presence of 263 soluble tubulin, which causes the clustering of HSET to promote motor processivity. We thus 264
propose that the activity of HSET is context-dependent, being influenced directly by the 265 availability of soluble versus polymeric tubulin, and therefore inextricably linked to the dynamic 266 rearrangement of the cytoskeleton during cell division. 267
The observation that soluble tubulin promotes HSET processivity suggests a distinct 268 mechanism of kinesin motor activation. Many processive kinesins are regulated by an 269 autoinhibition mechanism, where cargo binding to the tail domain overcomes an inhibitory tail-270 motor interaction 32 . Three pieces of evidence suggest that HSET is not regulated in this way: (i) 271 tail deletions do not result in activation of either Ncd 18, 19, 20, 21, 22, 23 rather than on the MT surface, as we did not observe fluorescence intensity increases within 277 clusters over time (Fig. 2g) . After binding to MTs, both HSET-tubulin and HSET-QDot clusters 278 display high processity. This behavior is consistent with two recent studies reporting that 279 artificial coupling of small numbers of kinesin-14 motors (>2 motors) converts their motility 280 from non-processive to processive 25, 36 . This observation has led to speculation that clustering of 281
kinesin - previously been shown to regulate the MT-severing protein katanin by disrupting its ability to 288 bind MT polymer 38 . HSET's ability to toggle between MT bundling and processive transport 289 depends on its N-terminal tail domain, which binds both MT polymer 22, 24, 26, 39, 40 and soluble 290 tubulin (this work) ( Fig. 7a) . In the absence of soluble tubulin, the tail domain binds MT 291 polymer, which results in bidirectional, symmetrical diffusion along a single MT (Fig. 7b, top ) 292 and the formation of MT bundles in a many-MT case (Fig. 7b, bottom) , as previously 293 demonstrated for Ncd 22, 26 . In contrast, when soluble tubulin is present in sufficient quantities 294 ( Fig. 7c) , the tail domain is now able to bind either soluble or polymeric tubulin. Soluble tubulin 295 binding induces HSET-tubulin clusters which contain multiple motors, break symmetry by 296 moving processively toward MT minus-ends, and dwell at these ends. In a many-MT context, 297
HSET sorts these MTs into radial asters, as previously demonstrated for XCTK2 17 . At 298
intermediate tubulin concentrations, we observe structures containing features of both 299 architectures ( Fig. 4a) . Thus, our model reconciles the observation that kinesin-14 causes locked 300 parallel MT bundles in vitro in the absence of tubulin 22 , with its cellular role in organizing MT 301 minus-ends at spindle poles 41, 42 . 302 What is the molecular nature of HSET-tubulin clusters? Based on our fluorescence 303 intensity measurements, these clusters appear to be heterogeneous in size, composition, and 304 stoichiometry. Our AUC results suggest that either cluster heterogeneity obscures peak detection, 305
or only a small number of clusters is sufficient to drive aster organization. Note that, because 306 these clusters are diffraction-limited, the geometrical nature of these clusters is also yet to be 307 determined. Regardless, we have determined a number of key features for these clusters: (i) they 308 contain multiple HSET motors (possible range of 2-6) and multiple tubulin dimers (possible 309 range of 3-26), (ii) cluster formation does not depend on GTP-driven tubulin assembly, and (iii) 310 clusters are likely not the result of an in vitro aggregation artifact. Importantly, we have shown 311 that HSET activity in cells is modulated by the intracellular levels of soluble tubulin, providing 312 evidence that our in vitro observations are relevant within the cell. 313
Our observation that QDots bound to tailless HSET do not form either bundles or asters 314 points to two additional, critical roles for the HSET tail domain in higher-order MT organization. 315
First, it is currently unclear how cargo MTs are engaged by HSET-tubulin clusters to initiate 316 transport (Fig. 7c, bottom) guide, and used to design pET15b-HTa-EGFP-HSETΔMotor and pFASTBAC-HTa-EGFP-348
HSETΔTail. The pET15b-HTa-EGFP-HSETDoubleTail sequence was designed by sequence 349 alignment to XCTK2 (X. laevis kinesin-14) using 17 as a guide. Where desired, a flexible amino 350 acid linker (GGSGGS) was inserted to ensure rotational freedom between domains. HTa-EGFP-HSETDoubleTail) were generated by amplification of the HSET ORF (using 370 pEGFP-C1-HSET as a DNA template 35 ) using Phusion DNA polymerase (New England Biolabs 371 #M0530S). These fragments were then assembled into their expression vectors cut using the 372 indicated restriction enzymes: pFASTBAC-HTa-EGFP-HSET: Protein concentrations were determined in mg/mL using Bradford assays (BioRad) and 399 converted to molar units assuming dimer formation. Powdered sucrose was added to 20% w/v, 400 then each protein was aliquoted, snap frozen in liquid nitrogen, and stored at -80°C. 401 402 Tubulin purification and labeling 403 Bovine brain tubulin was purified according to 47 . Briefly, brain homogenates were 404 cycled twice in high molarity PIPES buffer (1 mM K-PIPES, pH 6.9, 10 mM MgCl 2 , 20 mM 405 EGTA) to remove microtubule-associated proteins, resuspended in BRB80 buffer (80 mM K-406 PIPES, pH 6.9, 1mM MgCl 2 , 1 mM EGTA), diluted to 20 mg/mL, snap frozen in liquid nitrogen, 407
and stored at -80°C. To generate fluorescently labeled or biotinylated tubulin, NHS-Alexa594, 408
NHS-Cy5, and NHS-Biotin (Thermo Fisher #A-20104, #A-20106, and #20217, respectively) 409
were conjugated to cycled tubulin using succinimidyl ester chemistry as described 48 . In TIRF  410 experiments with Cy5-labeled tubulin, 100% labeled tubulin was used. 411 412
Self-organization assays 413
Self-organization experiments were performed similar to previous studies 17 . Experiments 414
were performed in narrow (~10 µ L volume) flow cells prepared by attaching a clean #1.5 415 coverslip (Fisherbrand) to a glass slide (Thermo) with double-sided tape (Scotch). For all 416 experiments, the experimental mixtures were assembled at room temperature (rather than on ice) 417 to prevent GMPCPP-MT depolymerization. Tubulin, GMPCPP-MTs, and the indicated HSET 418 constructs were added to a 4x self-organization buffer, which was then diluted to 1x with water 419 to the following final concentrations: 20 mM K-PIPES, pH 6.8, 1 mM EGTA, 7.5 mM MgCl 2 , 5 420 mM ATP, the frame-by-frame centroid position of each particle was determined as described 50 . Briefly, 476
particles above a brightness threshold were detected automatically and the centroid position was 477 determined by fit to a 2D Gaussian function to determine the frame-by-frame position with 478 subpixel resolution. Manual detection was used when photoblinking or nearby particle(s) 479 obstructed automatic detection. Particles persisting at least 5 frames (500 ms) were considered, 480
and particle tracking ended when particles intersected a neighboring particle or disappeared 481 completely (either by photobleaching or unbinding from the MT). Diffusion coefficients were 482 calculated using the MSDanalyzer MATLAB plugin 51 , where the first 5 s were used for MSD 483 analysis. 484 485
Kymograph and motility analysis 486
Processive motility properties (i.e., end dwell times, run lengths, velocities and event 487 frequencies) were analyzed by kymograph. Maximum intensity projections were generated to 488 determine the location of MTs in the channel of interest, and kymographs were generated using 489
the Multiple Kymograph plugin in ImageJ (width = 3 pixels). End dwell time was defined as the 490 vertical component of the kymograph, which is the time spent at the end of the MT, in seconds. 491
For each end dwell event in the green channel, the particle was compared to the MT location in 492 the red channel to verify its location at the end of the MT rather than along the lattice. For a 493 particle to be considered for analysis, it: (i) must persist at least 5 frames (5 s), (ii) could not 494 coincide with other particles at the end of the MT, and (iii) must arrive and detach at the end of 495 the MT during image acquisition. Run length was defined as the horizontal component of the 496 kymograph, which is the distance traveled along the MT in µ m, and included all pauses. For a 497 particle to be considered for run length analysis, it must: (i) persist at least 5 frames (5 s), (ii) 498 begin its run during image acquisition, and (iii) must not be bound to the MT at the end of image 499 acquisition. Events that reached the end of the MT were counted in the analysis but treated 500 separately (as indicated in the figure legends). Velocity was defined as the run length (horizontal 501 component) divided by time (vertical component) in µ m/s. Only moving segments were 502 considered, i.e., if no movement was observed in a segment at least 5 frames (5 s) long, this 503 portion was excluded from the analysis. For a particle to be included for velocity analysis, it 504 must: (i) persist at least 5 frames (5 s), (ii) begin its run during image acquisition, and (iii) must 505 not be bound to the MT at the end of image acquisition. For event frequency measurements 506 (Events/(min*µm), time was defined as the image acquisition time (min), MT length was 507 determined from the red channel (µm), and events were determined by kymograph analysis, 508 defined as moving (non-stationary) particles persisting at least 5 frames (5 s). 509 510
Co-immunoprecipitation assays 511
For co-immunoprecipitation, purified components (concentrations: 50 nM for the 512 indicated EGFP-HSET truncation and 250 nM for tubulin) were mixed to a total volume of 190 513 µ L on ice in BRB80 buffer containing 50 mM KCl, 1 mM ATP, 1 mM GTP, 2 mM MgCl 2 , 0.5 514 mg/mL casein. 10 µ L of triply-washed Anti-GFP Binding Magnetic Beads (Vanderbilt Antibody  515 and Protein Resource, Nashville, TN) were then added and the solution was allowed to rotate 516 overnight at 4°C. Beads were pelleted by a 5 min incubation a magnetic rack, washed twice in 517 500 µ L BRB80, resuspended to 20 µ L, diluted 1:1 in 2x sample buffer (100 mM Tris-Cl, pH 6.8, 518
4% SDS, 20% glycerol, 200 mM DTT, and 200 µ g/mL bromophenol blue), and boiled. Samples 519 were then resolved by SDS-PAGE on a polyacrylamide (10%) gel and transferred to a 520 nitrocellulose membrane for immunoblotting. Immunoblots were analyzed by blotting with a 521 monoclonal mouse antibody to anti-His 6 (GE, #27-4310-01) and a polyclonal rabbit antibody to 522 alpha-tubulin (Abcam #18251). Inputs were loaded at 15% of the total molar amount of the 523 immunoprecipitated material. 524 525
Fluorescence intensity analysis 526
To determine single-molecule fluorescence intensities for EGFP-HSET and Cy5-tubulin, 527 50 pM of material was introduced to an unblocked narrow flow cell (~10 µ L volume) to 528 nonspecifically adhere single molecules to the glass surface similar to previous studies 28 . 529 Samples were diluted in BRB80 supplemented with 0.5 mg/mL casein for 2 min. Flow cells were 530 then washed twice with 50 µ L BRB80 supplemented with 0.5 mg/mL casein to remove 531 nonadsorbed fluorescent proteins, and imaged by TIRF (see above). These particles were 532 compared to the first frame of moving fluorescent particles in TIRF-based motility assays on the 533 same day using identical imaging and analysis parameters. 534
To obtain first-frame intensity values, a 2D Gaussian fitting routine was implemented in 535
ImageJ ( was taken as the standard error for each fitted quantity, and the data were reported as the mean ± 552 the 95% CI, where the 95% CI was defined as two times the standard error. 553
Similar to the normal distributions above, run length CDFs above a minimum 0.3 µ m 554
were fit to the hypothetical CDF for an exponential distribution with the free parameter t: 555
The mean run length was then determined by adding the minimum run length to t. End dwell 556
CDFs were fit to the same hypothetical exponential CDF without the minimum correction. Errors 557
for these values were then determined as above. For display, Gaussian or exponential functions 558 using the determined parameters were overlayed to the binned data in Excel. 559 560
Analytical Ultracentrifugation 561
Purified tubulin (5 µ M) with or without EGFP-HSET (200 nM) in BRB80 was analyzed 562
in an Optima XLI ultracentrifuge (Beckman Coulter, Brea, CA) equipped with a four-hole An-60 563
Ti rotor at 42,000 RPM at 4°C, where absorbance at 280 nm was monitored. Samples were 564 loaded into double-sector cells (path length of 1.2 cm) with charcoal-filled Epon centerpieces 565 and sapphire windows. Sedfit (version 15.0) was used to analyze velocity scans using every scan 566 from a total of between 250-300 scans 53 . Approximate size distributions were determined for a 567 confidence level of p = 0.95, a resolution of n = 300, and sedimentation coefficients between 0 568 and 30 S. For tubulin and tubulin with EGFP-HSET, the frictional ratio was allowed to float. 569 570
Quantum dot assembly 571
For experiments using QDots, HSET/QDot assemblies were constructed as follows. A 572 biotinylated mouse monoclonal anti-His 6 antibody (final concentration 0.1 mg/mL, Invitrogen 573 #MA1-21315-BTIN) was mixed with streptavidin-coated QDots (final concentration 600 nM, 574
QDot 655 streptavidin conjugate, Molecular Probes #Q10123MP) in BRB80 and incubated 575 overnight at 4°C to create anti-His QDots. The following day, anti-His QDots (final 576 concentration 20 nM) were mixed with the indicated HSET construct (final concentration 60 577 nM) and incubated for at least 30 minutes on ice to form HSET/QDot assemblies at a 3:1 ratio. 578
For TIRF experiments where biotinylated GMPCPP MT seeds were used, any unbound 579 streptavidin on the QDot surface was quenched by incubating HSET/QDot assemblies (final 580 concentration 15/5 nM) with D-Biotin (ACROS Organics #230095000) in BRB80 for at least 10 581 minutes on ice. All experiments were then performed as described above using the indicated 582 concentration of HSET/QDot assemblies. 583 584
Stable cell line generation 585
To generate HeLa cells that express EGFP-HSET in a doxycycline-inducible manner, 586
HeLa acceptor cells (described previously 28 ) were transfected in six-well plates with 1 µ g/µL of 587 pEM791-EGFP-HSET. To determine the fraction of mitotic cells that had ≥ 1 acentrosomal aster after nocodazole 634 treatment, metaphase cells were selected for imaging and analysis using the blue channel (DNA). 635
For every cell, each discrete mass of tubulin was manually evaluated for colocalization with 636 centrin using deconvolved Z sections of tubulin and centrin. An acentrosomal aster was 637 classified as a discrete polymer of tubulin lacking a centrin marker. 638 639
Live-cell imaging 640
For live-cell imaging of aster formation, doxycycline/DMSO was added to EGFP-HSET 641 cells as they were plated onto glass bottom poly-D-lysine coated dishes (MatTek) 3 d before 642
imaging. Cells were imaged at 37°C (5% CO 2 ) in L-15 medium without phenol red 643 supplemented with 10% FBS and 7 mM HEPES, pH 7.7, using the aforementioned DeltaVision 644
Elite system. Metaphase cells were identified in the EGFP-HSET channel, whereupon 500 nM 645 nocodazole was added to partially depolymerize microtubules. Immediately (~10 s) after 646 nocodazole addition, Z-sections spaced at 200 nM apart were acquired in the EGFP-HSET 647 channel, and Z-stacks were acquired at 3 min intervals for 30 min. 648 649
Data availability. 650
The data that support the findings of this study are available from the corresponding 651 authors upon reasonable request. 652 
Figure Legends
871
HSET contains two MT-binding domains: an ATP-independent globular tail domain located at the N terminus (amino acid 1-138, 872 brown), and an ATP-dependent conserved kinesin motor domain located at the C terminus (aa 305-673, blue). HSET also 873 contains a coiled-coil stalk domain necessary for dimerization (aa 139-304, black). All constructs contained an N-terminal 6x-His 874 tag used for affinity purification. 
